We report the possibility of achieving an order of magnitude reduction in the energy dissipation needed to write bits in perpendicular magnetic tunnel junctions (p-MTJs) by simulating the magnetization dynamics under a combination of resonant surface acoustic waves (r-SAW) and spin-transfer-torque (STT). The magnetization dynamics were simulated using the Landau-Lifshitz-Gilbert equation under macrospin assumption with the inclusion of thermal noise. The resonant magnetization dynamics in the magnetostrictive nanomagnet build over few 10s of cycles of SAW application that drives the magnetization to precess in a cone with a deflection of ~45 o from the perpendicular direction. This reduces the STT current density required to switch the magnetization direction without increasing the STT application time or degrading the switching probability in the presence of room temperature thermal noise. This could lead to a pathway to achieve energy efficient switching of spin transfer torque random access memory (STTRAM) whose lateral dimensions can be scaled aggressively despite using materials with low magnetostriction by employing resonant excitation.
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The quest to overcome the limitations of random access memory (RAM) to achieve energy efficient and higher speed computing architectures has motivated research to replace volatile CMOS memory devices. One alternative is the use of nanoscale magnetic tunnel junctions (MTJ) that implement non-volatile memory. The magnetization orientation of a MTJ's soft magnetic layer can be switched using different methods [1] [2] [3] [4] [5] [6] [7] . One such method utilizes spin transfer torque (STT) which involves applying a current through a hard magnetic layer to polarize electrons that subsequently exert a torque on the magnetization of the soft layer to switch its direction. However, these STT based MTJ devices require ~100 fJ/bit [8] to switch the magnetization which is 1000 times more than the ~100 aJ energy required to switch CMOS devices [9] . This inefficiency could prevent the widespread adoption of pure current driven spin transfer torque (STT) switching [2, 10, 11] . Another newer technology that addresses some of the shortcomings of STT is spin orbit torque (SOT) induced switching [4, 12, 13] . However, it results in a 3-terminal memory device that could impede aggressive scaling.
Strain generated via surface acoustic waves (SAW) can also be used to write a bit in an MTJ [14] by controlling the magnetization of its soft magnetostrictive layer. SAW can be created from an interdigitated transducer (IDT) fabricated on a piezoelectric substrate which typically produces Rayleigh (transverse) waves. Rotating the magnetization through the use of SAW is very energy efficient, however, only a ~90° rotation is possible unless dipole coupling [15] or sequential stress along multiple directions is used [16] .
Mixed mode SAW and STT is a potential alternative to overcoming the large write energy requirement of STT and complexity of SAW devices. Previous efforts have explored this concept in nanomagnets with in-plane magnetization using low frequency SAW [17] , which allows for the quasistatic rotation of the magnetization to an approximately known deflection. STT can be applied to achieve switching once this maximum deflection is reached. However, this approach requires a much higher magnitude SAW, especially in scaled nanomagnets. This is because the stress levels required to produce a large deflection of the magnetization increases with decreased volume of the nanomagnets as the uniaxial magnetic anisotropy K u increases to ensure an energy barrier ~1 eV between the "0" and "1" states (K u Ω ≈ 1 eV, where Ω is the volume). Due to this, mixed mode switching has potential issues scaling below 100 nm diameter, even if moderately magnetostrictive materials such as FeGa [18] are used with low Gilbert damping [19] . High magnetostrictive materials such as Terfenol-D [20] will not necessarily achieve a larger magnetization deflection with low stress levels due to the bidirectional coupling between magnetization and strain [21] . This further motivates our resonance approach to overcome the limitations associated with quasistatic SAW excitation, allowing for competitive scalability to smaller lateral dimensions.
We study a hybrid resonant SAW and STT scheme to switch the magnetization of nanomagnets for both in-plane and perpendicular-to-plane magnetization. Fig. 1 demonstrates how these devices can be realized. The SAW is applied over an entire array of nanomagnets and thus adds very little to the energy dissipation per bit switched. Once the nanomagnets have reached maximum deflection ( Fig. 1(b) for in-plane, and (c) for out-of-plane), spin-transfer-torque can be applied to minimize the spin current required to switch as compared to a non-stressed state.
Modelling of the magnetization dynamics was performed by solving the Landau-Lifshitz-Gilbert (LLG) equation [22] with inclusion of damping like spin transfer torque term [23] :
where M is the is the magnetization, γ is the gyromagnetic ratio, α is the Gilbert damping coefficient, M s is the saturation magnetization and M p is the magnetization in the direction of the STT polarization, ℏ is the Planck constant, μ 0 is the permeability of free space, e is the charge of an electron, J is the current density of the STT, and l th is the thickness of the nanomagnets. The effective field was calculated from the total energy of the system:
cos (7) with Ω representing the volume of the nanomagnets, N d_xx , N d_yy , and N d_zz the demagnetization factors in the respective directions, λ s the saturation magnetostriction, σ the stress produced by the SAW on the nanomagnets, θ i and φ i the polar and azimuthal angles, respectively, of the magnetization, and K s0 the surface anisotropy constant. We note the effective field due to stress is calculated from uniaxial stress only (cyclic tension and compression) due to the SAW. The stress in the in-plane direction orthogonal to SAW propogation, which sees the opposite stress (cyclic compression and tension) due to Poisson's effect, is neglected. This does not change the magnetization dynamics qualitatively, and only makes the stress amplitude we estimate conservative (a smaller stress will produce the same effective field if stress in the other direcition is accounted for). The magnetization dynamics were simulated as follows. The resonant SAW was applied for several nanoseconds to build the maximum deflection of the magnetization. The magnitude of the SAW was chosen so that no switching from only the SAW excitation occurs. When the maximum deflection was reached, the minimum STT current density needed to maintain low switching error probability (for example, 99.9% switching in case of out-of-plane switching limited by the number of computations we could perform) was applied. The time of removal of the SAW (as long as this was after STT application was completed) made no difference to the final switching probability.
IN-PLANE SWITCHING WITH SAW + STT:
Simulation of elliptical nanomagnetic disks with in-plane magnetic anisotropy is shown in Fig 1(b) with dimensions of 40 x 30 nm along the easy and hard axis, respectively, and a thickness of 6 nm. SAW was applied to the nanomagnets and the resonance frequency, which creates the maximum deflection from the magnetic easy axis at the given SAW magnitude, was found. The SAW frequency was found to be double that of the frequency at which the magnetization precesses about the easy axis. When the magnet is compressed along its long (easy) axis, the magnetization rotates towards the magnetic hard axis on one side, and when a tensile stress is applied, the magnetization returns to the easy axis. This process isrepeated with magnetization moving towards the opposite hard axis in the next cycle, leading to a doubling of the frequency for the applied SAW. If resonance is achieved, the deflection of the magnetization from the easy axis will increase until a maximum deflection is reached over a few 10s of cycles. Without thermal noise (Fig 2(a) ), the STT current density required (15x10 11 A/m 2 with a SAW of 23 MPa at 10.7 GHz) is lowered drastically compared to when no SAW is applied. To achieve switching in the same time without the application of SAW, a current density ~3 times larger was needed. This translates to nearly one order of magnitude lower energy (3 times current is 9 times write energy, assuming similar application time). However, in the in-plane case, this potential 
THERMAL NOISE:
The magnitude of the STT current density needed to achieve 99% switching of the magnetization from the positive to the negative y-axis in the presence of thermal noise and applied SAW of 10 MPa at 9.42 GHz was 10x10 11 A/m 2 , shown in Fig. 2(c) . Now when the SAW was removed the same current density magnitude sufficed to achieve 99% switching, indicating that the SAW was not helping lower the STT write current for the in-plane switching in the presence of thermal noise (Fig. 2 b) . This can be explained as follows.
Prior to STT application, a large difference can be seen between the magnetization deflection from the thermal noise without SAW to that with thermal noise with SAW. This indicates that the SAW indeed produced higher deflection even with the thermal noise. However, once STT of sufficient magnitude is applied, there is no difference in switching probability between the no-SAW and SAW case. In previous calculations without thermal noise, it was possible to determine apriori the specific timing to apply the STT so that the magnetization is at a point of maximum deflection. However, due to thermal fluctuations, while there is higher deflection with SAW, the inability to apply STT at the maximum deflection negated the benefit of any added deflection from the SAW and no difference was seen between the switching probability in the two cases, as shown in Fig.  2(b) and 2(c) .
OUT-OF-PLANE SWITCHING WITH SAW + STT:
Simulation of the magnetization dynamics of cylindrical disks with a diameter of 50 nm and thickness 1.5 nm with perpendicular magnetic anisotropy is shown in Fig. 1 (c) . Initially, the magnetization points in the out-of-plane direction (+z-axis), and a continuous SAW was applied across the magnets to find the resonant frequency, which is dependent on the anisotropy of the nanomagnets and magnitude of the SAW (as the oscillation is non-linear). This SAW applies compression and tension along the y-axis of the nanomagnet (and vice versa along the x-axis). This cyclical stressing on the magnet rotates the magnetization from pointing directly out-of-plane to begin to precess about the zaxis, as shown in Fig. 1(c) . As a result of the resonant SAW, the magnetization precesses further from the z-axis and the cone of rotation becomes larger as the magnetization approaches the x-y plane of the nanomagnet.
Once the maximum deflection of the magnetization from the out-of-plane direction was achieved, spin-transfer-torque is applied. As in the previous case, once the magnetization is switched and the STT current is withdrawn, the SAW can be concurrently removed or continued to run for a few cycles before withdrawal as it is not enough to switch the magnetization on its own.
Previously with the in-plane calculations, the inability to selectively apply the STT when the deflection was at a maximum was an issue. However, the manner in which the magnetization precesses around the out-of-plane axis eliminates the need to time the application of the spin torque. This is because for a given polar deflection, θ of the magnetization, which is reached and stabilized after a few cycles, the azimuthal angle, Φ shown in Fig. 1 at which the magnetization is oriented when the STT is applied does not affect its efficacy. Fig. 3(a) shows the effect of SAW on deflection of the magnetization with and without thermal fluctuations. Without any SAW, thermal noise alone deflects the magnetization to a maximum of ~10° from the z-axis. On the other hand, when SAW of 100 MPa at a resonant frequency of 9.95 GHz is applied and the magnetization allowed to build to its maximum deflection, an average deflection of ~45° is seen in both the presence and absence of thermal noise. The thermal noise merely makes the deviation from the mean deflection of ~45° much higher than the case of precession without thermal noise. Fig. 3(b) shows the trajectories of magnetization switching in the presence of thermal noise for applied resonant SAW and STT. At a fixed current density and STT application time the switching probabilities (trajectories that switch) are much higher with SAW than without the SAW.
OUT-OF-PLANE SWITCHING STT ONLY VS. SAW + STT ENERGY COMPARISON:
At a current density of 1.9x10 11 A/m 2 applied for 0.7 ns along with a SAW magnitude of 100 MPa at 9.95 GHz, 99.9% of the simulated nanomagnets successfully switched from the positive to the negative z-axis. Without any SAW, at this same current density and STT application time, roughly 89% of the magnets switched. This error could be reduced to 99.9% in the no SAW case if the current density was doubled to 3.8x10 11 A/m 2 , as shown in Fig. 3(c) . Simulation of SAW at both 30 MPa at 11.36 GHz and 60 MPa at 10.79 GHz was also conducted and a current density of 3x10 With required current density being just half that compared to the case without any SAW, the energy savings are four times that of the pure STT case. With materials such as Rare Earth substituted YIG [24] that have low magnetostriction but extremely small damping, at least an order of magnitude energy saving with similar or better error rates could be achieved. This could open the pathway to achieve desired scalability and be competitive with current CMOS memory implementations while having the added advantage of non-volatility.
In summary, we have shown that application of resonant SAW and STT can be more energy efficient in switching nanomagnetic soft layer of p-MTJs than switching with only STT. This process can be further optimized to increase the energy savings and switching time. These theoretical results could stimulate experimental work, ultimately resulting in the development of more energy efficient STTRAM. 
